The aim of this work is to study the relationship between implied and realized volatilities. For this purpose, we analyze the markets of Petrobras stocks and calls between January 2006 and December 2008. Regression analysis with no overlapping monthly data of in-the-money, at-the-money and out-of-the-money calls indicates that the implied volatility of out-of-the-money options contains more information about future volatility than does historical volatility. On the other hand, the implied volatility of the in-the-money and at-the-money calls has poor explanatory power about future volatility.
INTRODUCTION
mplied volatility is a measure of the expectations of market participants plus a risk premium. If this premium is small or at least constant over time, implied volatility will be a good forward-looking estimator of future volatility. Thus, some economists believe that the use of implied volatility as a forecast of future volatility shows more promising results than that offered by models based on historical data. The aim of this paper is to examine whether implied volatility contains information about future volatility. For this purpose, we examine the relationship between the implied volatility of Petrobras options (calls) and the realized volatility in a subsequent period.
If the rational expectations hypothesis is correct and markets are efficient, then implied volatility should contain significant information about future volatility. Various studies have tried to determine the best estimator of future volatility. Different results have been obtained, with arguments in favor of both the use of implied volatility and historical volatility. Day & Lewis (1992) and Lamoureux & Lastrapes (1993) concluded that implied volatility is a biased and inefficient forecast of future volatility and that historical volatility contains more information about future volatility than does implied volatility. Day & Lewis (1992) studied the S&P 100 index between 1985 and 1989, with an option maturity period of 36 business days. Lamoureux & Lastrapes (1993) focused on the options of the ten most liquid stocks of the S&P 100, between 1982 and 1984, with a time to maturity of 119 business days. Canina & Figlewski (1993) also utilized data on the S&P 100 index before 1987. They observed a more radical result, indicating that the implied volatility has no predictive power regarding future volatility.
Christensen & Prabhala (CP) (1998) studied at-the-money (ATM) call options with one-month maturity on the S&P 100 index using data between 1983 and 1995.
Their conclusion is contrary to the results of the above authors. They found that the implied volatility is a better estimator of future volatility than historical volatility, being efficient and less biased in relation to the previous studies, particularly in the period after the 1987 New York Stock Exchange crash.
This event represented a structural break in the stock market and can explain why implied volatility was a biased estimator in the previous studies. CP also indicated some failings in the works of Day & Lewis (1992) and Lamoureux & Lastrapes (1993) .
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They also argued that the earlier works contained a problem of maturity missmatch, namely the forecasting power of implied volatility was tested only one day ahead by Lamoureux & Lastrapes (1993) and one week ahead by Day & Lewis (1992) .
In line with CP, Gwilym & Buckle (1999) , analyzing data on ATM options on the main United Kingdom stock index, the UK FTSE 100, concluded that implied volatility contains more information on future volatility than the historical volatility.
For the Brazilian market, Gabe & Portugal (2004) used overlapping data from
Telemar options in the period from October 2, 2000 to October 10, 2002. They found that the volatility estimated by the GARCH and EGARCH models was an efficient and unbiased estimator, better than implied volatility. On the other hand, Tabak & Chang (2006) showed that the implied volatility of foreign exchange options is a better estimator of future volatility than that obtained via GARCH models.
In this study we revisit this question, based on the Petrobras options market.
Since these options did not have good liquidity before 2006, the study examines, besides ATM options, the series corresponding to ITM (in-the-money) and OTM (outof-the-money) options, in order to increase the database. Additionally, this allows testing separately the information contained in ITM, ATM and OTM options.
Unlike other studies of the Brazilian market, our goal is not to determine the best future volatility forecast, but rather to assess the explanatory power of implied and historical volatilities with respect to future volatility i .
While the works of Gabe & Portugal (2004) and Tabak & Chang (2006) compared implied volatility with volatility predicted via traditional econometric models, we analyze the relationship between implied and realized volatilities. Therefore, while a bias in implied volatility represents a negative point for these authors, in our approach this is interpreted as a risk premium.
For ITM options, we found no relation between their implied volatility and future volatility, both in level and in log. The implied volatility of ATM options was only significant in the equation in level, but was strongly biased.
The implied volatility of OTM options contained information about realized volatility, both in level and in log, and was efficient and less biased than the implied volatility of ATM options. In the case of the log of the implied volatility of OTM Christensen & Prabhala (1998) and Gwilym & Buckle (1999) , indicating that a forward-looking approach in Brazil can be successfully employed.
The rest of this paper is organized as follows. In Section 2 we present the concepts of implied and realized volatilities. In Section 3 we present the database. In Section 4 we discuss the empirical results. In Section 5 we compare our results with those of other studies. Section 6 concludes.
IMPLIED AND REALIZED VOLATILITIES
In finance, volatility corresponds to the standard deviation of an asset's returns.
While it is impossible today to know the exact prices of securities in the future, statistical methods and regressions can be utilized to estimate the future volatility of the respective underlying asset. These volatility estimates shed light on the expected future price movements of the asset in question. The BS option pricing model consists of an equation that provides the fair price of options through no-arbitrage arguments. The price at t for a European option maturing at T is calculated according to the following expression:
Where ct is the theoretical value of a call option, St is the price of the underlying asset, K is the strike price of the option, t = T -t is the time to maturity, σ is the volatility, rf is the risk-free rate and N is the standard normal cumulative function ii .
The implied volatility (IV) at t is simply the value of the constant s which makes the theoretical price of the call option equal to the market price. Although the calls BBR, Braz. Bus. Rev. (Engl. ed., Online) , Vitória, v. 7, n. 1, Art. 3, p. 42-58, jan -apr.2010 www.bbronline.com Hull, 1997) iii . However, although the pricing model has an analytic form, there is no closed solution expressing the volatility as a function of the asset price. To solve this problem we used Newton's method.
The realized volatility (RV) between dates t and T is defined as:
Where n is the number of days between t and T, r t +i is the daily return on day t + i and r tT is the average of the daily returns between t and T. The historical volatility is defined analogously as in the previous equation, but only considering one period before t (in the empirical exercise presented in Section 4, this period, as well as the maturity of the options, is one month).
DATABASE
Our empirical study is based on data on the preferred shares of Petrobras Thus the global economy was severely affected, leading to a strong capital outflow from emerging markets, negatively influencing the main stock indexes and increasing the risk of investments, primarily in equities. In other words, the options have a term of one month, or approximately 21 business days.
We used the closing prices. To expand the scope of this work, besides ATM options, we also studied OTM and ITM options. In each sub-period we also calculated the realized volatility.
Options can be classified according to their moneyness into three types: in-themoney (ITM), at-the-money (ATM) and out-of-the-money (OTM). There is no fixed definition of these three categories of options. In this study, we defined an ATM option as one whose strike price is nearest the price of the underlying asset, and the ITM and 
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For example, on January 2, 2007, Petrobras preferred shares closed at R$ 46.74.
The option with a strike price nearest this was series PETRA48, with strike equal to R$ 46.77. We thus considered this as ATM.
The first option with a strike price below R$ 46.77 was series PETRA46, with a strike price of R$ 44.77, so we defined this as the ITM option. Likewise, the first option with strike price above R$ 46.77 was PETRA50, with strike equal to R$ 48.19, so we defined it as the OTM option iv .
In each sub-period we calculated the historical volatility of Petrobras shares and the implied volatility of the ITM, ATM and OTM options on the first day of each subperiod. The realized volatility (RV) was calculated as the standard deviation of the daily returns of the asset over the periods corresponding to the life of each option. This fact provides evidence that the options market was not able to anticipate the crisis. According to Hull (1997) , after 1987 (after the NYSE crash), the graph of the implied volatilities of a series of equity options tended to form a volatility skew. That is, the higher the strike price of an option, the lower its implied volatility tends to be. One of the reasons given for this phenomenon is leverage.
When the prices of a company's shares decline, its leverage increases as the stock price decreases, and for this reason ITM options tend to have greater implied volatility than ATM and OTM options. , Braz. Bus. Rev. (Engl. ed., Online) , Vitória, v. 7, n. 1, Art. 3, p. 42-58, jan -apr.2010 www.bbronline.com.br t t
We will show later that this fact is in line with the greater explanatory power found in the OTM options. All the volatility series are stationary, according to the results of the augmented Dickey-Fuller test (Dickey & Fuller, 1979) , at 1% significance. To analyze the dynamic properties of the series, we estimated ARIMA (p,d,q) models, in the following form:
Where xt represents a series in log of the volatilities (LRV, ITM LIV, ATM LIV and OTM LIV), the parameter m is the mean, et is a white noise term, F and Q are polynomials of order p and q in B, the lag operator, defined by Bxt = xt-1, and D = 1 -B is the first difference operator. 
EMPIRICAL RESULTS
In this section we first examine whether implied volatility provides information about future volatility. Then we test whether the lagged variables, both for HV and IV, have explanatory power about RV. We should point out that other variables can also influence RV. However, the scope of this paper is to verify whether there is any correlation between IV and RV.
The information content of implied volatility is typically assessed in the literature by estimating a regression of the form:
Where RV is the realized volatility and IV is the implied volatility.
From this equation, we can draw some conclusions. First of all, if implied volatility has some predictive power about the realized volatility, then β must be statistically different from zero. Second, if implied volatility is an unbiased forecast of BBR, Braz. Bus. Rev. (Engl. ed., Online) , Vitória, v. 7, n. 1, Art. 3, p. 42-58, jan -apr.2010 www.bbronline.com.br realized volatility, we should find that α = 0 and β = 1. Finally, if implied volatility is efficient, then the residuals must be white noise and not correlated with any variable in the market's information set. Regarding the IV of the ATM options, in the regression in level, the intercept is not statistically significant at 5% and β is 0.2380. This value of β shows that the implied volatility was nearly four times greater than the realized volatility in the period observed. Hence, the implied volatility of the ATM options contains information about the future volatility, although this is highly biased (β much smaller than 1). This large difference between implied and realized volatilities can be explained by the high risk premium demanded by investors, showing that in risky environments, options tend to have a high extrinsic value vi . With the equation in log, the implied volatility coefficient of the ATM options is no longer statistically significant (p-value of 0.1157). In other words, according to the equation, we cannot guarantee that variations in the implied volatility of ATM options have any explanatory power over their realized volatility.
In the regression in level for the OTM options, the value of β is 0.3460, which is statistically significant at 5%. This indicates that the implied volatility represents, on To ascertain whether implied or historical volatility has more explanatory power of future volatility, we first estimated the following regression: Table 4 shows the results of Equation 2. It can be seen that the past volatility appears not to contain information about future volatility. The coefficients of the variables RV(-1) and LRV(-1) are not statistically significant at 5%, indicating that past volatility does not help in predicting future volatility.
This result is plausible. Even if today's volatility is strongly influenced by yesterday's, in a highly volatile market like Brazil's, the monthly volatilities are not good predictors of future volatility.
By adding the IV series in Equation 2, we have: BBR, Braz. Bus. Rev. (Engl. ed., Online) , Vitória, v. 7, n. 1, Art. 3, p. 42-58, jan -apr.2010 www.bbronline.com.br Table 5 shows the results of Equation 3. It can be seen that none of the past volatility equations contain any type of information about future volatility, because the coefficients are statistically nil in all of them.
Just as in the article by CP, the use of lagged HV increased the coefficients of the implied volatility series. In the case of the OTM series, the coefficients continued being significant and the adjusted R 2 increased, indicating greater predictive power of that equation.
Finally, it is important to verify whether the lagged variables of IV help explain future volatility. To do this, we estimated the following regression: 
COMPARISON WITH PREVIOUS WORKS
Previous articles have expressed various opinions about the information content of implied volatility in relation to future volatility. Day & Lewis (1992) , studying options on the S&P 100 index, and Lamoureux & Lastrapes (1993) , working with the ten most liquid stocks in the S&P 100, obtained different results than those found here.
They concluded that historical volatility is a better forecast of future volatility than is implied volatility, which was highly biased and inefficient. Canina & Figlewski (1993) , studying options on the S&P 100 index before 1987, also obtained an opposite result to that found in this work: only historical volatility contained information on future volatility.
In contrast, in the Brazilian case historical, volatility appears to have no predictive power about future volatility when dealing with non-overlapping monthly data.
More recently, Christensen & Prabhala (1998) In our case, implied volatility outperformed past volatility in forecasting future volatility, being, however, more biased than found by CP. There are other differences with respect to historical volatility and the intercept. CP showed that historical volatility has predictive power, but the intercept was not statistically significant, results opposite to those found in this study. Our results agree with those of Gwilym & Buckle (1999) , according to which implied volatility contains more information about the realized volatility than does historical volatility when using call options with one-month maturity.
The main difference between our study and the others cited above is that the IV series of the options with highest predictive power were the OTM instead of ATM options, as in the previous works.
In Brazil, Gabe & Portugal (2004) concluded that the volatility estimated by different statistical models of the GARCH family produce better forecast of future volatility than implied volatility. It should be noted, however, that GARCH models specify a different regression relation than those studied here.
For the comparison between IV and HV to be more balanced, it is necessary to analyze the information content of volatility through identical models. However, GARCH models consider not only the past volatility, but also other information, such as past returns.
Moreover, the database of Gabe & Portugal (2004) was smaller than ours and contained overlapping data. The reason is that their focus was different than ours. While they aimed to forecast (so that balance mattered little), we focus on analysis of the information content.
CONCLUSION
In this paper we compared the explanatory power of implied and historical volatilities in relation to future volatility, using data from the Petrobras call options market. Our results indicate that the implied volatility of OTM options has a higher correlation with future volatility than does historical volatility.
The weak explanatory power of ATM and ITM options reveals either that the volatility risk premium of these options is high or the market has inefficiencies. We found no evidence in the period studied (January 2006 to December 2008) that past volatility has any correlation with future volatility in monthly terms. Therefore, the use of a forward-looking approach, as is the case of the implied volatilities of options, appears to be an alternative to the use of past data. not happen in the case of Petrobras options. Therefore, correction of the errors of the variables used in the regressions, as presented in Section 4 of the CP article, is not necessary here.
iv Other more usual moneyness criteria, such as that defined by the option's Delta, require constructing a volatility surface for choosing the ITM, ATM and OTM options. Because of the low number of available options series in our database, the interpolation error on the volatility surface could impair the results.
v The information criteria are defined as: AIC = -2(l/T) + 2(k/T) and BIC = -2(l/T) + klog(T)/T, where l is the value of the likelihood function, k is the number of parameters and T is the sample size.
vi An option's value can be divided into an intrinsic and an extrinsic value, or its value in time. The intrinsic value is the difference between the spot price of the underlying asset and the strike price of the call option. The extrinsic price reflects the opportunity cost and market expectations . vii The Durbin-Watson statistic (DW) measures the serial correlation of the residuals. A result near two indicates there is no first-order serial correlation.
